The report AGARD-AR-144 provides a framework for systematically assessing the dynamic characteristics of flight simulator motion systems. Several measurements defined in the report were performed on the Stewart platform located at the Max Planck Institute for Biological Cybernetics. The measurements were performed with a setup consisting of real-time hardware and an off-the-shelf IMU. Results indicated that the motion platform describing functions were very similar to the standard platform filters implemented by the motion system manufacturer, but included a time delay of 100 ms. The total noise of the system mainly consisted of stochastic and high-frequency non-linear components, that were attributed to the IMU. The measurements defined by AGARD-144 proved to provide useful insight into the platform characteristics.
I. Introduction
The Max Planck Institute for Biological Cybernetics (MPI) operates a mid-size motion platform that is used for basic psychophysical research on ego-motion simulation and multi-sensory integration. Both openloop and closed-loop experiments are being performed to study visio-vestibular cue integration, for example during active control or in heading discrimination. The MPI Stewart platform has a custom-built cabin with a visualisation system and was designed to allow for modular adjustments of, for example, the projection screen or input devices.
A current project aims to model the motion platform kinematically and dynamically to study the effects of motion system characteristics on perception and behaviour in simulators. Before the model can be constructed, the characteristics of the motion system need to be determined systematically. Then, the motion platform model will be validated through active psychophysical experiments with humans in the loop. The final goal of the project is to run the model of the MPI Stewart platform on the large hydraulic SIMONA Research Simulator located at Delft University of Technology and vary the motion system characteristics systematically during experiments with humans in the loop. The influence of the motion characteristics can be determined by modelling the multi-modal human perception and control behaviour in closed-loop control tasks.
The basis for the systematic determination of the platform characteristics is the AGARD-AR-144 report published in 1979, wherein a working group of the Advisory Group for Aerospace Research and Development (AGARD) described investigations into the dynamic characteristics of flight simulator motion systems. 4 The aim of this report was to develop a uniform and systematic method for measuring the dynamic qualities of motion systems. This should allow for direct comparison of the characteristics of different motion platforms in terms of the dynamical properties and not just in terms of maximum excursion, velocity, or acceleration in a specific degree of freedom.
In AGARD-144 several measurements were defined that evaluate the motion platform in the time and frequency domain, characterise the acceleration noise levels, and identify hard non-linearities. Even though the tests were developed in the 1970's, they are still valid for current platforms. A small number of simulators has been evaluated with the measurements defined in AGARD-144, including the SIMONA Research Simulator at Delft University of Technology [5] [6] [7] and the Vertical Motion Simulator at NASA.
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Other application of AGARD-144 included the implementation and testing of the performance measurements on stand-alone devices either suited for six degree-of-freedom synergistic motion systems or systems with independent axes.
9 Prototypes of these systems were operational at the time of writing, but have not been mentioned in publications afterwards.
Also, extensions of the original report were published in order to try to describe the relationship between motion system parameters and the fidelity of the pilot's perception in flight 10 or to be able to use the performance measurements on modern high-performance motion systems. 5, 6 The main point made in the latter research is that AGARD-144 did not define measurements that were performed throughout the workspace of the simulator and only focussed on the neutral point in the motion envelope. In order to analyse if the properties measured at the operating point can be extended to a relevant part of the workspace, a set of benchmark manoeuvres was introduced that were considered critical in the utilisation of a flight simulator. However, these tests have not been standardised and can not be used when directly comparing motion systems of different sizes, as the tests can most probably not be performed on platforms of all sizes.
This paper focuses on implementing the measurements from the original AGARD-144 report to assess the performance of the MPI Stewart platform. In the next section, the motion platform is discussed, together with the measurement hardware and software, and the input signals used in the measurements. Section III elaborates on the measurements and discusses all measurements. After that, the results from all measurements are presented and discussed in Section IV. Finally, conclusions are drawn in Section V.
II. Measurement setup
In this section the MPI Stewart platform is introduced, as well as the measurement hardware and software. Furthermore, the input signals that are used in the AGARD-144 measurements are described.
A. MPI Stewart platform
The MPI Stewart platform is a mid-size motion system with electrical actuators (Maxcue 610-450, Motionbase, United Kingdom), see Fig. 1 for an impression and specifications.
11 The platform is equipped with a custom-built cabin that allows for modular adjustments. The most prominent features of the cabin include a circular and flat projection screen with a field of view of approximately 72
• horizontally and 52
• vertically and interchangeable control input devices.
The MPI Stewart platform is controlled through an in-house open-source software library. This library is a light-weight yet complete cross-platform software framework for distributed real-time virtual reality simulations. It is used for displaying the virtual environment on the screen and communication between the various computers that are part of the simulation.
B. Measurement hardware and software
The performance measurements program is implemented in LabView and runs on a device with real-time operation capabilities. This hardware is responsible for generating the input signals and controlling the motion platform at 100 Hz. It also takes measurements from an Inertial Measurement Unit (IMU) (ADIS16355, Analog Devices, USA) that is mounted on the top frame of the motion platform and that gathers data at 819.2 Hz. The translational accelerations from the IMU are filtered with an FIR-filter with 201 taps, a cut-off frequency of 15 Hz and a Chebyshev window with sidelobe attenuation of 70 dB. The rotational rates from the IMU's gyroscopes are filtered with a differentiating Savitzky-Golay filter with an order of 9 and using 69 points to obtain the rotational accelerations. This filter behaves as a true differentiator up to 25 Hz. During resampling of the rotational acceleration data, the same filter is used as for the translational accelerations.
C. Input signals
The input signals for the performance measurements have up to 4 distinct phases: fade-in, pre-measurement, measurement and fade-out. Dependent on the measurement, different signal types are used and certain measurements do not require the fade-in and fade-out phase. The fade-in signal is described as follows:
with
where the f is the frequency of the driving signal. The fade-out signal is constructed in a similar fashion, but the time scale is taken between − 1 2f f and 0 s. The effect of the fade-in is shown in Fig. 2a .
Pre-measurement
The fade-in phase is followed by a pre-measurement phase, where the platform is driven an integer number of periods without taking measurements. This is to ensure that any transients have died out before the actual measurement starts. The number of periods N p is dependent on the frequency of the sinusoidal input signal:
Single-sine signal
The primary signals used in the performance measurements are sinusoidal. This simplifies the identification of system dynamics, as the input signals are deterministic, especially if the primary interest is in the error of the system. Moreover, the time-invariant linearity errors are easily separated from the stochastic errors.
Another advantage of using sinusoidal input signals is that they resemble the continuous signals normally used during simulation better than other elementary deterministic signals such as impulses, steps or ramps.
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The sinusoidal input signal is calculated with the following basic equation:
where A is the amplitude of the sinusoid and t the time vector. The frequency f of the sinusoid should be selected with care. It must always be a multiple of the base frequency:
tm . This means that there is an integer number of periods within the measurement time t m .
Multi-sine signal
In AGARD-144 the system describing function is determined using single-sine signals. 4 The approach used here is to combine multiple sinusoidal input signals with different frequencies into one measurement. The multi-sine signal is calculated as follows:
with m the number of sinusoids in the measurement. By using this approach, the number of measurement runs per degree of freedom for determining the describing function could be reduced to two. Using single-sine signals, 11 measurement runs would have been needed per degree of freedom. It should be noted that the frequencies within a single measurement run may not be multiple integers as this would lead to harmonics. When applying the fading signal, the lowest frequency present in the multi-sine signal should be used to determine the fade frequency f f . An example of a multi-sine signal is shown in Fig. 2a .
Square wave signal
For determining the dynamic threshold of the motion system, AGARD-144 defined an acceleration step input signal. 4 This measurement was originally intended to determine the lowest possible input into the motion system. However, modern platforms have very low friction and will respond to virtually all inputs. Therefore, a different approach was developed that used a square wave signal. 6 This signal is actually a combination of 8 different acceleration step responses. For the MPI Stewart platform, that is a position-driven platform, the square wave signal is integrated twice to obtain a position input signal. The resulting signal is depicted in Fig. 2b .
III. Measurements
AGARD-144 defines several standardised measurements that will be treated separately in this section. For all measurements, acceleration is chosen as the metric for the results. AGARD-144 lists several reasons for this choice, the main one being that specific force and angular acceleration are actually the characteristics sensed by the pilot of a simulator. 
Stochastic residue (D).
The output signal components can be used to identify various characteristics of the motion platform with a limited amount of measurements, such as the describing function, the low and high frequency non-linearities, the acceleration noise, and the roughness. The best position for measuring the motion system characteristics would be the pilot's head reference position. 4, 6 This position does not generally coincide with the motion reference point that is usually located at the centroid location of the moving upper frame of the motion platform (Upper Gimbal Position (UGP)). However, for motion systems with a relatively small workspace it is not possible to control the platform's motion around the pilot's head reference position. Thus, the UGP is chosen as the location where all measurements are taken or transformed to by computation.
A. Half-Hertz noise level measurement
The noise level measurement measures the acceleration noise that is defined as the deviation of the output acceleration from its nominal value. As sinusoidal input signals are used, the nominal value of the output signal is expected to have the same frequency and phase as the input signal. There is a clear distinction between the acceleration noise in the driven degree of freedom, and the acceleration noise in the non-driven degree of freedom that is called parasitic noise. The latter expresses the amount of interaction between the various degrees of freedom.
Two main acceleration noise components are defined:
• Harmonic distortion with spectral power concentrated at frequencies harmonically related to the input frequency,
• Stochastic component, which is the residue of the acceleration noise minus the harmonic distortion component.
The harmonic distortion component reflects the distortion due to time invariant non-linearities and is further subdivided into a low-frequency non-linearity, which represents the sum of the second and third harmonic, and a high-frequency non-linearity, which is the sum of the fourth and higher harmonics. Combining the high-frequency non-linearities with the stochastic acceleration component results in a measure for the roughness of the motions produced by the motion system.
The acceleration noise components are depicted graphically in Fig. 3 . All components are represented by power spectral densities. If the acceleration noise components are represented by standard deviations, i.e., by taking the square root of the power spectral densities, non-dimensional ratios can be introduced by normalising with the standard deviation of the fundamental output of the acceleration output signal. The input signals used for this measurement are single-sine signals with different amplitudes at a frequency of 0.5 Hz. The motion system response in the driven axis contains the harmonic and stochastic acceleration noise components, such that the complete analysis as depicted in Fig. 3 can be performed. For the undriven axes only standard deviation and peak value of the parasitic acceleration can be determined. During the measurements there should not be transient effects as these would distort the periodicity of the deterministic response. These effects are minimised by introducing a pre-measurement phase in all measurement runs.
B. Signal-to-noise measurement
For a motion system two types of excursion limits can be distinguished: system limits and operational limits. 4 System limits are defined as the extremes of displacement, velocity, and acceleration that can be reached during single degree of freedom operation. Operational limits are defined as the amplitude of the acceleration output signal, in response to a single degree of freedom sinusoidal input signal, at which the acceleration noise ratio reaches prescribed values.
System limits are inherent in the design of the motion system. For a Stewart platform, the geometry of the base and moving frame and the characteristics of the six actuators define where the platform can travel and with which velocity and acceleration these positions can be reached. The system limits can be determined from the inverse kinematics that relate the platform position, velocity and acceleration to actuator length, extension velocity and acceleration. However, it is not possible to standardise the derivation of system limits for different kinds of platforms.
Therefore, operational limits are introduced that form the boundary of a motion range with acceleration noise ratio lower than a specific value and give insight into the usable motion range of the motion system. The operational limits are measured by applying sinusoidal input signals of different amplitudes at several frequencies throughout the entire system limit range. The measurements form noise contours that can be plotted in relation to the system limits.
C. Describing function measurement
The motion system describing function at a given frequency is defined as the complex ratio of the FFT coefficients of the measured output and the input accelerations for the fundamental frequency:
The describing function is only valid at the measurement frequency and amplitude. However, for only slightly non-linear systems, the describing function values generally approximate the transfer function of a linear system. In these cases, the transfer function that is found in this measurement can be considered a linearised description of the motion system dynamics.
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The inputs used for this measurement are multi-sine signals where the amplitude of each single sine signal was at 10% of the system limits at the corresponding input frequency. This allowed the measurement to be performed in two runs for each degree of freedom. The results consist of the primary describing functions, which give the relation between the input and output in a driven degree of freedom, and the cross describing functions that give the relation between the input in a driven degree of freedom and the output in a non-driven degree of freedom. The results are plotted in Bode diagrams.
D. Dynamic threshold measurement
Originally, motion platforms suffered from a problem that if the input signal stayed below a certain threshold, the platform would not move at all. The dynamic threshold measurement was designed to represent the threshold of the system and the lag due to dynamics. Current platforms have very low friction, however, and will respond to virtually any input signal. Still, the dynamic threshold measurement can be used to determine the time delay and the first-order lag in the motion system by estimating the parameters of the following model from the time response to a square wave input signal:
where time delay τ d is the time it takes the motion system to respond to an input, and time constant τ is given by the time it takes from this point to reach 63% of the final step input value. Due to the limitations of the platform filters that were implemented by the manufacturer of the motion system, the acceleration step length of the dynamic threshold measurement had to be set to 1 second. As a consequence, only one amplitude could be selected per degree of freedom that would not drive the platform into its bounds, and that would not have problems with the amount of signal to noise. For the translational degrees of freedom a value of 0.1 m/s 2 was used. The acceleration step inputs in the rotational degrees of freedom were 0.075 rad/s 2 .
E. Measurement points
The measurements presented in the previous sections mainly use sinusoids as input signals and depend on the system limits of the motion platform. A distinction is made between the translational and rotational degrees of freedom, but not between the different individual degrees of freedom. The frequency/amplitude pairs for the translational degrees of freedom are found in Fig. 4a and the measurement points for the rotational degrees of freedom are depicted in Fig. 4b .
IV. Results
In this section, the results from the performance measurements presented in the previous section are discussed. Note that the results do not represent just the MPI Stewart platform, but also include noise from the IMU that was used.
A. Half-Hertz noise level measurement
The Half-Hertz noise level measurement was performed with six acceleration input amplitudes for each degree of freedom at a fixed input frequency of 0.5 Hz, as given in Fig. 4 . At each amplitude the various noise components were determined that were described in the previous section. All noise components were converted from power spectral densities to non-dimensional values by dividing by the fundamental output noise and taking the square root.
The noise components in the driven axes pitch and heave are given in Fig. 5a and Fig. 5b as representative data for the Half-Hertz noise level measurement. From both figures it is clear that the highest levels of noise are measured for the lowest levels of acceleration inputs. For translational degrees of freedom, the total noise level has high values below an input acceleration of 0.1 m/s. For rotational degrees of freedom this boundary can be found at an input acceleration of 0.2 rad/s. Furthermore, the results for the noise level measurement in all degrees of freedom show that the low frequency harmonic noise is low compared to the total noise. As can be seen, the total noise mainly consists of the roughness, which is a combination of the high frequency non-linear noise and the stochastic noise. The latter is found to represent most of the total noise, and might find its origin in the IMU. 
B. Signal-to-noise measurement
The signal-to-noise measurement was the most time-intensive measurement that was performed. For the rotational degrees of freedom 29 acceleration input amplitudes were used at 6 different frequencies. The input amplitudes for the translational degrees of freedom were limited to a number of 27. All amplitude/frequency combinations can be found in Fig. 4 .
In Figs. 6a and 6b the signal-to-noise contour plots are given for the pitch and heave degree of freedom, respectively. It is clear that with the highest frequencies and lowest amplitudes of the input signal the signal-to-noise ratios become low. This indicates that the platform motion can not be distinguished from the measurement noise in this measurement setup anymore.
The most promising area for performing measurements with the current setup is approximately between input frequencies 0.03 Hz and and 2 Hz. The lower bound is related to the measurement noise in the IMU as the motions below this bound do not produce high enough accelerations for the IMU to pick up. The upper bound is related to the capabilities of the motion platform that limit the amplitude of high-frequency input signals and thus restrict the amount of motion that is generated. 
C. Describing function measurement
The platform describing function was measured for each degree of freedom with two multi-sine signals containing five and six frequency/amplitudes pairs, respectively. Thus, the describing function can be determined on 11 points in the frequency domain. Figure 4 provides information on the frequencies and amplitudes that were used to determine the platform describing functions. The describing functions that were measured for the pitch and heave degree of freedom are given in Figs. 7a and 7b, respectively. When comparing the describing functions, it is clear that they are very similar and that both describing functions show the behaviour of a low-pass filter with a fixed time delay. However, the describing function for pitch shows a discrepancy in magnitude. This behaviour is also found for the other rotational degrees of freedom and needs to be investigated further.
For this motion system, the manufacturer has implemented a default low-pass platform filter with a break frequency of 1 Hz for each degree of freedom. These platform filters are described by the following equation:
A fixed time delay was combined with the platform filter to give a system transfer function for each degree of freedom. The system transfer functions were fit to the measured describing functions and are displayed in Figs. 7a and 7b. The time delay was found to be approximately 100 ms. The figures show that the measured describing functions closely match the form of the theoretical system transfer function. However, a slight discrepancy is found in the magnitude of the rotational describing functions. Further investigations will be needed to identify the cause.
D. Dynamic threshold measurement
The step length and amplitude of the input signal for the dynamic threshold measurement are highly dependent on each other. If the step length must be increased, the step amplitude must be decreased, and vice versa. Due to the standard platform filters, the acceleration step length of the dynamic threshold measurement had to be set to 1 second. As a consequence, only one amplitude could be selected that would not drive the platform into its bounds. The results of the dynamic threshold measurement for surge are given in Fig. 8 . The figure shows the measured response to the step input, the theoretical response of the platform filter, and the fitted first-order lag model discussed in Section III. The time delay in both models was fixed to 100 ms. as was found in the describing function measurement. The first-order lag τ , see Eq. (7), was found to be approximately 300 ms. for this acceleration amplitude. 
V. Conclusion
The performance measurements defined in AGARD-144 were performed on the MPI Stewart platform. The results indicated that the motion platform describing functions are very similar to the standard platform filters implemented by the manufacturer. Additionally, a fixed time delay of 100 ms was found between the motion platform input and output. The magnitude discrepancy for the rotational degrees of freedom needs to be investigated further.
In the Half-Hertz noise level measurement it was found that the low-frequency non-linearities are low. The total noise of the motion platform consists mainly of stochastic and high-frequency non-linear components. As measurements with a non-moving platform show similar noise characteristics, the main part of this noise can be attributed to the IMU and will always be present during the measurements with this setup.
In the signal-to-noise ratio measurement a rather restricted operating range of frequencies was found. However, the built-in platform filters filter out any frequency input above 1 Hz, and thus have a large impact on the performance of the overall system. In the future, this restriction will be investigated, and new measurements will be performed.
The built-in platform filter also had a large impact on the dynamic threshold measurement. Only one acceleration step input amplitude could be measured, which limits the general application of the outcome of this measurement. Nevertheless, results indicate that the first-order lag constant of the motion system is approximately 300 ms.
The measurements in the AGARD-144 report proved to provide useful insight into the characteristics of the MPI Stewart platform. The results from the measurements described in this paper will be used to model this motion platform and will contribute to the investigations into the influence of motion system characteristics on human perception and behaviour in simulators that are planned to follow this work.
